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Abstract We study semi-regular arrays of Au nanoparticles
(NP) obtained via UV laser irradiation of thin Au films on
glass substrate. The NP structures are prepared from films of
a thickness up to 60 nm produced by discharge sputtering or
pulsed laser deposition, and annealed by nanosecond laser
pulses at 266 or 308 nm, respectively, at fluencies in the
range of 60–410 mJ/cm2. For the rare- and close-packed NP
structures, consistent description of optical properties is
derived from microscopic observation, measurements of
the absorption, and Raman spectra, and modeling of the
near-field intensity distributions. The absorption bands cen-
tered at 540–570 nm are ascribed to resonant absorption of
the surface plasmons. For the band positions, half widths,
and intensities, the dependence on the NP shape (partial
spheres), size, size distribution, and also excitation energy
is observed. The structures are characterized by markedly
reduced dephasing times of ∼3 fs. It is shown, that laser
annealing of thin Au films provides reliable and cost effec-
tive method for controlled preparation of semi-regular NP
arrays favorable for photonic applications.
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Introduction
Optical properties of gold nanoparticles evoke much interest
due to their potential nonlinear applications such as light
harvesting, optical tweezers, and ultrasensitive detection.
Particular emphasis is still placed on the issue of the surface
plasmon resonance (SPR). The excitation of collective oscil-
lations of the free electrons results in a strong light scattering,
absorption, and strengthening of the local electromagnetic
field in the close vicinity of the nanoparticles. The SPR
depends critically on properties of the metal and on these of
the surrounding such as dielectric function and refractive
index [1, 2]. Among metals, gold represents one of the most
preferred materials because of large enhancement of the local
field provided under irradiation in the visible and near-infrared
part of the spectrum, high stability of the structures, biocom-
patibility, corrosion resistance, and sufficiently matured prep-
aration techniques of nanoparticles (NPs) [3–5]. The NP
structures produced by techniques based on the thin film
annealing seem to be advantageous compared to deposited
by the electron or ion beam lithography, chemically or colloi-
dal ones. This is confirmed by comparative studies showing
that annealing ensures controllable process performance and
results in agglomerate-free NP structures of tunable properties
[6–9]. The use of UV laser annealing of thin films for nano-
structuring has been originally proposed by Henley et al. [10].
A number of works confirm that this technique is sufficiently
flexible to provide conclusive research data and offers unex-
plored application potential, too [9, 11–13].
This work aims on contribution to the systematic study
on semi-regular, size-distributed arrays of partially spherical
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NPs produced by the pulsed UV laser annealing of thin gold
films. Properties of NP arrays obtained in a controlled
manner by laser annealing of films deposited by two differ-
ent techniques are investigated. The effect of particle shape
and distribution is discussed for rare- and close-packed
structures in view of literature results on ordered and ran-
dom particle configurations [14]. Results of the structural
and spectroscopic characterization and of numerical model-
ing of the near-field distribution are compared with recently
published data [15]. It is shown that consistent description
of the semiregular structures can be provided by an appro-
priate modification to the known, size-dependent correction
of the dielectric function.
Experimental
For preparation of the NP arrays, first the thin Au films were
produced from bulk material (Sigma Aldrich; 99.99 % pu-
rity) by means of the discharge sputtering (DS) or pulsed
laser deposition (PLD) applied as more effective in case of
thicker films. The DS was performed in vacuum at ambient
temperature and at pressure of 4×10−2hPa. Films of a thick-
ness of 10–20 nm were produced on the microscope glass
slides (2.5×2.5 cm2) sonically cleaned in sulfuric acid and
acetone bath. The growth rate measured by the microbal-
ance was 7.5 nm/min. For preparation of the Au NP struc-
tures the films were irradiated in a vacuum chamber (10−6
hPa) by the pulsed Nd:YAG laser (Quantel B) operated at
266 nm with pulse duration and repetition frequency of 6 ns
and 2 Hz, respectively. Up to 20 pulses were applied per
sample at fixed laser fluencies in the range of 10–412 mJ/
cm2. The Au films of a larger thickness of 60 nm were
produced on the glass by PLD using the XeCl laser
(308 nm, 30 ns pulse width) under ambient conditions same
as applied during DS. For laser fluence of 1.5 J/cm2, the
deposition rate was 15 nm/min. The same laser operated at
lower fluence was applied for nanostructuring of the 60 nm
thick film. For both lasers, the fluence values were selected
by variation of the laser spot dimension using optical tele-
scope in the laser beam path.
The inspection of the sample morphology was performed
by means of the field emission scanning electron micro-
scope (SEM, EVO-40; Zeiss). For absorbance measure-
ments of the reference samples (glass slides and thin Au
films) and of the Au NP structures the spectrophotometer
UV 1240 (SHIMADZU) was applied. The μ-Raman spectra
were acquired by means of the confocal instrument (InVia,
Renishaw) equipped with lasers allowing sample excitation
at 514 and 785 nm. The measurements of the surface en-
hanced Raman signal (SERS) signal were performed at
similar laser power for both wavelengths, for 0.09 M solu-
tion of Rhodamine 6 G (R6G) in ethanol applied on the
prepared structures and dried. Spectra were acquired at




For the thin films deposited on glass substrates by both the
sputtering and PLD techniques, the uniform, fine-grained
polycrystalline structures were deduced from SEM images.
The microscopic inspection of the films showed correlation
of the grain size with film thickness and applied deposition
rates for both cases. No film discontinuities and other sur-
face defects were noticed. This indicates that such films as
base material for nanostructuring when produced under
similar conditions and at the same deposition rates are of
similar structure and properties. Thus, it can be expected
that nanostructures produced in the next step are indepen-
dent on the film preparation technique. However, this
requires careful selection of the laser annealing parameters
(fluence, pulse repetition rate) below threshold values
corresponding to film fragmentation. Because of no photo-
chemical processes involved, the different irradiation wave-
lengths of 266 and 308 nm result in minor only differences
of the absorbed laser energy via the wavelength dependent
reflection coefficient of Au. Under such conditions, the
photothermal effect initiates material melting mainly on
the grain boundaries. The initially grainy thin film structures
nucleate during laser irradiation and form irregular islands.
Prolonged irradiation and coalescence together with poor
wetting of the glass by liquid gold leads to growth of
particles and production of semi-ordered NP structures
[14]. The NP size, size distribution, shape and inter-
particle distance are controlled by the initial thickness of
the Au film and its irradiation conditions during annealing.
The final structure geometry results from the balanced sur-
face tension of the gold interfaces with substrate and sur-
rounding characterized by minimal surface area to volume
ratio of the metal.
The laser annealing of the sputtered and PL deposited thin
Au films results in the semi-regular NP structures shown in
Fig. 1. For arrays in Fig. 1a, c, d obtained from 10 nm thick
films, the top views reveal NPs of circular symmetry.
The corresponding insets allow for comparison of their
different, nearly homogeneous distributions and also show
differences in the inter-particle distances. These three samples
of relatively broad size distributions shown in Fig. 2a, c, d, are
characterized by the mean size values between ∼70–90 nm.
The average inter-particle spacing for large NPs is two to three
times the particle size and even larger for smaller ones ob-
served in the images.
106 Plasmonics (2013) 8:105–113
The markedly inhomogeneous distribution in Fig. 2a
agrees with the sample morphology (Fig. 1a) and results
from relatively high laser pulse fluence of 412 mJ/cm2
applied to the 10 nm thick film. The particles of larger size
appear due to successive annealing pulses and coalescence
of the smaller ones which leads to the size redistribution.
Mild irradiation conditions and larger pulse numbers lead to
normalization and flattening of the size distribution which is
accompanied by a decrease of the total particle number (see
Fig. 2c, d); and this observation is in agreement with our
work reported previously [13, 16]. This result becomes
more evident if one takes into account different energy
doses applied per unit film volume which are related as
2.06/0.43/0.9/1.5 for nano-arrays in Fig. 1a–d, respectively.
For lower values of relative dose the smaller, more uniform-
ly distributed particles are observed (see Fig. 1c); and for a
value of 0.43 under certain conditions the closely packed
structure shown in Fig. 1b is produced. Consistently, this
structure is characterized by uniform particle size distribu-
tion (mean value 31 nm) and smallest size deviation of 7 %.
In contrary, large irradiation fluencies of the films result
obviously in broad size distributions (see Fig. 1a). It is
worth noticing that in case of relatively large particles the
difference between their size of ∼60–100 nm and the initial
film thickness can amount an order of magnitude if only
the annealing conditions are properly selected. For sam-
ples annealed at fluencies above a certain upper limit
(∼0.5 J/cm2) decomposition of the thin film into large
particulates and irregularly shaped metal islands charac-
terized by sizes of tens of micrometers is observed.
In case of the closely packed structure of smallest size
and size distribution (31 nm, 7 %; Figs. 1b and 2b), only a
part of the particles reveal circular symmetry while for the
rest the moderately irregular or approximately rectangular
shapes can be observed. The irregularity of the particle
shape is minor, however, similar particles of more elongated
shape and also prolate ones characterized by the axial aspect
ratio different from unity are known to influence the spec-
troscopic and optical properties of the structure markedly
[17, 18]. Properties of arrays composed of nanorods, and
longitudinal nano-assemblies are discussed for plasmonic
enhancement due to strong anisotropy of the dielectric field
effect which may be induced by linearly polarized light and
are of particular importance for efficient light harvesting in the
sensing, photocatalysis and photovoltaic applications [9, 19].
The circular symmetry dominating in the top view of NPs
observed in the structures of Fig. 1a–d does not necessarily
means that the particle shape effect can be neglected. Recent
advances in modeling confirmed by experimental data elu-
cidate the role of shape different from spherical one such as
oblate, caps, disks, hemi- and partially spherical, on the
peak position and width of the plasmonic resonance [7,
20]. Results of the systematic study of Gupta et al. which
analyze the shape concept derived from equilibrium condi-
tion of the surface tensions acting on the particle–substrate
and particle–ambient interfaces agree with our SEM obser-
vation at 45° incidence of laser annealed nano-arrays [7,
14]. It confirms the partial sphere as dominant shape of
particles and this is observed independently on the NP size
distribution due to laser annealing. This shape corresponds
to the case of partial wetting of the substrate by the metal
and is characterized by the wetting angle α(α<180°) which
approaches zero with decrease of the metal–substrate inter-
face (weak wetting) and this is schematically shown in
Fig. 3. The spherical and spheroidal particles isolated and
also incorporated in dielectric medium are subject of mod-
eling based on the Mie theory and calculation of the dipole
interaction [7, 20]. However, the recently discussed struc-
tures consisting of spheroids (aspect ratio a/b>1) does not
conform to the aforementioned model assumptions [7]. To
Fig. 1 SEM images of Au NP
structures on glass obtained
from film of a thickness of
10 nm after irradiation at
266 nm (a, c, d) and 60 nm
thick film irradiated at 308 nm
(b); pulse numbers and fixed
laser fluencies of: five pulses at
412 mJ/cm2 (a), 20 at 130 mJ/
cm2 (b), 15 at 60 mJ/cm2 (c),
and 100 mJ/cm2 (d) were
applied; insets in a, c, and d are
scaled from original images for
comparison of particle
distributions shown in a, b and
c, d, respectively; in b and c,
areas of calculated near field
intensity distributions are
marked
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our knowledge, the more realistic case of the partial sphe-
roidal shape (see Fig. 3), has not been reported in the
literature up to date.
Absorption Spectra
Measurements of the absorption spectra were performed
using the circularly polarized light at normal incidence to
the substrate surface. Such selection of the sample excitation
conditions has two main advantages. First, it is optimal for
structures considered here consisting of NPs which are
symmetrical along the irradiation direction. This is justified
by a number of theoretical and experimental results [7].
Second, it provides strong resonant response at high signal
to noise ratio (S/N) and corresponds to realistic irradiation
conditions in a number of applications. Typical absorption
spectra of the semi-regular NP structures obtained by UV
laser annealing of Au thin films are shown in Fig. 4a.
The experimentally obtained profiles are normalized to
equal peak values and then shifted arbitrarily in height
relative to each other for clarity. The original, measured
peak absorption values amount 12.3±0.4 % for spectral
lines (a), (c), (d) and 21.5 % for (b), respectively. These
intensities results from the large difference in surface cov-
erage by the AuNPs between structures (a), (c), (d) and the
closely packed one (b) (Fig. 1). All structures show absorp-
tion growth at excitation above 1.5 eV and its increase at
energies of 1.6–1.7 eV corresponds to absorption edge due
to onset of the interband transitions (d→p) of Au. The shape
and structure of the profile, peak position of the resonant
absorption, and structure of its red wing are subject of
numerous reports [13, 15]. In short, the nature of the effects
lies in the electronic structure of the Au NPs in which the
intra- and interband transitions are two main contributions to
the observed profile shapes. The first, common to metals
occur within the broad conduction band and result in the
absorption profile which depends on squared frequency (ω)
and peaks at ωp (plasmon resonance frequency). The posi-
tion of this peak calculated for spherical Au NPs corre-
sponds to excitation around 5 eV which is in-between the
known plasma oscillation frequency of Au (8.86 eV) and the
experimentally observed values of 2.2–2.4 eV [16]. The
second, is specific for Au and is due to the interband
transitions between the highest level of the narrow d-band
(HOMO) and the conduction band (LUMO) with the first of
them at ∼1.6 to 1.7 eV. The mechanism of these d→p
transitions substantially determines the strong absorption
of the NP structures, however, it is commonly observed
for Au surfaces and thin films, too. Moreover, the large
polarizability of the Au ionic states leads to a large red shift
of the plasmonic resonance. The summary effect of both
intra- and interband contributions results in the measured
absorption spectra like these in Fig. 4a. From the other hand,
the measured resonance position of 2.27 eV (546 nm)
Fig. 3 Nanoparticle shapes considered as result of the laser annealing
of thin Au films, from left to right: spherical, partially spherical (most
realistic case) and spheroidal; the two latter are characterized by the





Fig. 2 Size distributions of Au nanoparticle structures from Fig. 1;
data in diagrams from a to d with mean values in brackets and standard
deviations in percentages correspond to SEM images shown in
Fig. 1a–d, respectively
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compared to the red shifted, calculated one for a single,
spherical Au particle is only in part clarified by the particle
size, size distribution, packing density in the structure, and
by dielectric properties of the surrounding. The literature
data on randomly distributed oblate spheroids and also on
NPs characterized by a partial spherical shape (α∼25°)
indicate that also the particle shape effect should be taken
into account here and this conclusion agrees with our SEM
observation, too [7]. An extensive review on the geometry
factor in tuning of the resonance peak position and profile
comprising specific properties of arrays and of individual
particles such as: extreme aspect ratio prolate and oblate
particles, closely separated particle couples, ultra-thin
nanoshells, and also the importance of the concavity factor
of individual particle together with the E-field polarization
direction is given in [21].
The typical profiles of maxima centered around 2.28 eV
(546 nm) represent an experimental evidence of the fact that
the intensity of the collective resonance is related to the
interband transitions whereas its appearance by the intra-
band ones. The latter determines also the band position
which is, however, strongly modified (red shift) by the
polarizability of Au+ ions. Because of the observed inter-
particle distances, the interactions between NPs are negligi-
ble in most cases which results in the same peak positions of
spectra (a) (d) and only slightly red-shifted (c) for nano-
arrays characterized by NPs of similar shape and size dis-
tributions. It agrees with recent results showing that for the
semi-regular NP arrays the dipole–dipole interaction van-
ishes when the ratio of (inter-particle distance/particle radi-
us)>5. This is different from the case of ordered arrays
showing red-shifted resonances scalable with periodicity of
the particle’s pattern [22, 23]. For semi-regular structures
considered here, the relatively large spectral width (FWHM)
of spectra (a, c, d) is characteristic and is also observed in
spectrum (b) on Fig. 4a. In this structured absorption profile
of a maximum around 2.16 eV (575 nm), two main compo-
nents centered at 2.06 and 2.25 eV can be separated (see
inset in Fig. 4b). Their appearance due to the previously
mentioned irregular particle shape observed for this closely
packed NP array cannot be excluded. From the other hand,
the entire structure in the blue wing of spectrum (b) can in part
originate from positive (and destructive) interferences of the
strong multipole resonances localized at NP interstices dis-
cussed in a number of works [24]. Such resonances appear in
the near-field distribution calculated for structure of the mea-
sured spectrum (b) and are discussed further in the text.
For quantitative analysis of the experimental data in
Fig. 4a, the example of spectrum (c) is briefly discussed
below with the size dependent corrections to the Au plas-
monic properties taken into account [25]. Implications of the
frequency dependent, complex dielectric function of noble
metals ε*(ω)0ε1(ω)−iε2(ω) and the relevant Mie solution of
the Maxwell equations yield an expression for the absorp-
tion cross-section due to light scattering on small, isolated
particles of R≪λ (R, particle radius; λ irradiation wave-
length) in isotropic media [26]:
a wð Þ ¼ 9"m 32V wc
"2 wð Þ
"1 wð Þ þ 2"m½ 2 þ "22 wð Þ
 !
ð1Þ
where ω and c are the irradiation frequency and speed of
light, V0(4π/3)R3 is the particle volume, εm, ε1, ε2 are the
dielectric constant of the surrounding medium, and the real
and imaginary parts of the metal dielectric function, respec-
tively. In the absorption cross-section given by relation (1)
a
b
Fig. 4 Absorption spectra of the Au nanoparticle arrays on SiO2
substrate, profiles are normalized and shifted arbitrarily in height; a
spectra (a, b, c, d) correspond to structures shown in Fig. 1a–d,
respectively; b the spectral profile c and resonance profiles (t1) and
(t2) calculated by means of two different methods; insets show in a
details of the resonance maxima, and in b components of the double
resonance peak of b
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the particle dimension R appears only as the volume depen-
dent intensity scaling factor. The resonance frequency is
given for moderate ε2 values by the condition ε1(ω)0−
2εm. The need for introduction of the size and quantum size
dependence into (1) follows from comparison of the FWHM
values of spectrum (c) typical for the considered, rarely
packed NP structures with the calculated ones of profiles
(t1) and (t2) in Fig. 4b. These are calculated for R036.5 nm
using relation (1) for (t1) and the MiePlot numerical package
for (t2) and are shown normalized to (c).
In frames of the Drude model, the FWHM value is a
measure of damping Γ of the free-electron oscillations in the
isolated Lorentz spherical cavity, and the dielectric function
can be written in the form:
" wð Þ ¼ 1 wp
2
wðw þ iΓÞ ð2Þ
where wp ¼ ne2=me is the plasma oscillation frequency of
electrons, with the free electron density n, the electron
charge e and effective mass me. The maximal cross-section
follows from (1) at resonance, i.e., for w0 ¼ wp 1þ 2"mð Þ1=2
and corresponds to conditions of pure radiative damping of
the free electron oscillations. The size-dependent corrections
proposed in the literature and of practical meaning base on the
Γ(R) dependence:





in which vF is the Fermi velocity (1.4×10
6m/s for Au); l0, the
electron mean free path; and A, the proportionality constant,
dependent on scattering processes taken into account. For A
values in the range of 0.1−2 have been theoretical justified
and allow for reasonable fitting of the experimental half width
data in case of a small, single particle [25, 27]. In relation (3)
only the second term AvF=R is size dependent and represents
the scattering rate on the particle surface. It sets also the
physical limit of l0 due to NP dimension. The exemplary
calculation of (t1) with l0020 nm and frequency dependent
components ε1, ε2 for Au results in a correct peak position for
εm03.65. The value of l0 taken from measurements of Theye
[28] is smaller than the mean free path of 40 nm deduced from
electrical measurements in bulk gold and this accounts for
additional electron scattering on the particle interface [29]. In
case of (t2) with the software-predefined complex value of ε
*
the profile shows peak at 546 nm for slightly elevated εm01.9.
In both cases, the FWHM values account only in part for the
measured line broadening (see Fig. 4b). It follows from a series
of fitting trials that coincidence of the calculated FWHM with
experimental one can be obtained for much smaller R values,
however, it requires larger εm (and l0) in order to obtain the
correct peak position. This indicates on the need of completion
of the existing models with additional size correction which
take into account specific properties of the semi-regular struc-
tures of size-distributed NPs of partial spherical shape on
substrates. Note that in this discussion, the substrate influence
and interband transitions are not taken into account.
The damping processes described by relation (3) result in
shortening of the coherent lifetime of the plasmon oscilla-
tion, resonance band broadening, and limiting of the en-
hancement of the local field. The origin and amount of the
plasmon damping depend strongly on properties and quality
of the NP structures, and the relevant data can be extracted
from spectral profiles of the resonant absorption character-
ized by the dephasing time T2 ¼ 2h=Γ . The size-dependent








where the bulk-specific, purely ratiative relaxation time Tr
reported up to date for Au is equal to 18 fs and can be used
as reference value for estimates of the quantum efficiency of
the resonant scattering [17]. The related l0 value of 12.5 nm
agrees with data obtained by Theye [28]. For gold NPs, the
decrease of T2 with increasing particle diameter and strong
dependence on the particle shape is reported [17, 30]. The
dephasing time values calculated from experimental spectra
in Fig. 4 obtained for similar, rarely packed structures (a),
(c), and (d) are equal to 2.8±0.2 and 1.83 fs for the closely
packed one (b). These data correspond to particle size larger
than 100 nm which is in disagreement with the average
dimensions estimated from histograms. Also, the values of
10 and 5.2 fs calculated from profiles (t1) and (t2) show that
some damping components characteristic for the semi-
regular structures are missing in the modeling and an addi-
tional size dependent correction is required in the second
term of relation (4). The primary reason of and contribution
to the difference between modeling and experiment can be
ascribed to the specific of the nano-array production by
pulsed laser irradiation of thin Au films. The resulting
size- and inter-particle distance distributions and also the
particle aspect ratio and shape are represented in the model
by one variable which depends on the average particle size.
In this way, the constructive effect of the crystalline phase
content (crystalline Au reveals weaker resonance damping
than amorphous one) and also the dependence of the ε1(ω)
on the inter-particle distance (the particles behave less me-
tallic with increasing separation) are not taken into account
[31]. Moreover, the constructive and destructive compo-
nents of the collective resonant response of the structure
require further study of the responsible mechanisms in order
to be included in the modeling. Nevertheless, our experi-
mental data are consistent with these reported recently of the
spectrally broad resonances of similar lifetimes observed for
the random, vapor-deposited Au NP structures and also for
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annealed thin films characterized by particle size distribu-
tions [7, 20].
Near-Field Intensity Distribution
The field enhancement distributions are obtained from the
finite difference time domain (FDTD) numerical calculation
performed for the semi-regular structures. The geometries
are taken from SEM images of the experimentally obtained
nano-arrays. The areas simulated by the numerical model
are marked by squares in Fig. 1b and c. These structure
fragments are used to simulate a system of spherical Au NPs
on the glass substrate in which the coordinates (x, y) of the
19 and 14 particles of diameters of 40 and 73 nm are
reproduced from Fig. 1b and c, respectively. The particle
dimensions are averages assumed from the corresponding
size distributions in Fig. 2. The frequency dependent dielec-
tric function of the Au NPs is taken from [14]. The calcu-
lated intensity distributions of the near field│E2│in a plane
distanced by the particle radius R and parallel to the sub-
strate surface are shown in Fig. 5. The enhancement is
related to the squared input value of E01 V/m of the
incident, plane light source illuminating orthogonally the
surface at wavelengths of 785 or 514 nm which are typical
for Raman spectrometers. For the closely packed structure
(Fig. 1b), the higher light enhancement is calculated in case
of excitation at 785 nm than at 514 nm (Fig. 5a) [14]. It
results from the red shift of the resonant absorption of the
array structure compared to the case of a single particle of
the same average diameter for which the dipolar resonance
peak is reported at approximately 550 nm [11]. The intensity
maxima (“hot spots”) observed in the distribution areas of
strongest enhancement is located between the most closely
separated nanoparticles. Numerous intensity peaks form a
partially symmetrical pattern due to semi-regularity of the
closely packed NP structure. The spatial intensity distribu-
tion determines the multipolar character of the plasmonic
enhancement and can lead to differences in the resonant
response at different excitation energies. The particle shape,
size, and size distribution, and also inter-particle distances
are main contributions to the observed effect. This conclu-
sion is in agreement with recent literature data on disordered
plasmonic structures [7, 20]. It is also in accordance with the
structured, broad resonance profile of the experimental ab-
sorption spectrum (b) shown in Fig. 4.
The near-field distributions in Fig. 5b, c calculated for
largely separated particles of average diameter of 73 nm
show maximal field intensities smaller by an order of mag-
nitude than in case of the closely packed structure. It is
mainly the consequence of the structure geometry and also
relatively low scattering efficiency on particles of that size.
The field distribution is dominated by the dipolar effect
localized on individual particles. Because of large inter-
particle distances the coupling between the local dipole
fields cannot build up and the enhancement due to field in
the inter-particle areas is practically negligible. The field
Fig. 5 Near-field intensity distributions in the vicinity of Au nano-
arrays on SiO2, calculated for structure geometry adopted from SEM
image in Fig. 1b, for assumed particle size 31 nm (a) and from Fig. 1c
for particle size 73 nm (b and c); intensities (logarithmic scale) are
related to constant irradiation field of 1 V/cm2 at wavelength 785 nm in
a, c, and at 514 nm in b; array dimensions are given in nanometers
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distribution provides a direct indication that in case of this
structure the resonant response due to light scattering, i.e.,
properties of the absorption band are similar to that of a
single particle. Indeed, comparison of the field distributions
(b) and (c) in Fig. 5 shows that excitation at 514 nm is more
efficient than at 785 nm. This, together with the position and
width of the absorption band in Fig. 4 clarifies the preference
of the excitation at 514 nm and is in accordance with data
reported for the resonant response of periodic and randomly
distributed NP arrays produced by thin film annealing, ion
beam lithography, and colloidal ones [19, 20].
Far-Field Enhancement
Measurements of the μ-Raman spectra were performed to
analyze the relation between the morphology of the semi-
regular nano-arrays, the near-field distribution of the light
intensity induced by the plasmonic resonance and the SERS
observed in the far field. The spectra (a, b, d) obtained for
nano-arrays and also reference spectrum (r) of the SiO2
substrate all covered with dried solution of 0.09 M R6G
are shown in Fig. 6.
The direct comparison of spectra: (r) of the glass sub-
strate, and (b) of closely packed NP structure, shows essen-
tial intensity difference and the Raman peaks in (b) at 6101,
773, 1,180, and 1,363 cm−1 due to strong, surface enhanced
signal. It is obvious that the intensity peaks in spectra (a, d)
recorded for rarely packed structures of similar geometry are
typically of lower intensities.
It should be mentioned, that spectra of the same samples
(a, d) recorded for excitation at 514 nm reveal markedly
lower Raman signal. Such observation seems surprising in
view of the stronger field enhancement obtained from the
FDTD modeling at this wavelength compared to 785 nm.
The most probable explanation can be the following. First,
the surface coverage by AuNPs is relatively low and lies
between 12 and 28 % while the R6G covers the entire
surface of the nano-array. As a consequence, most of the
incident radiation does not contribute to scattering on Au
particles and is absorbed by the organic molecules.
Moreover, this absorption is rather efficient under excitation
at 514 nm partially overlapping with the R6G absorption
band centered at 530 nm. It competes with the broad ab-
sorption (peak position, 546 nm; FWHM, ∼110 nm) of Au
NP arrays investigated here. In result, it decreases the irra-
diation intensity of the Au particles and the contribution of
the resonant scattering decreases accordingly, which lead to
lower values of the near-field enhancement. This can clarify
why for surface covered with R6G the smaller Raman signal
is measured for excitation at 514 nm compared to 785 nm.
In the case of 785 nm, the plasmonic absorption intensity
dominates over the very weak R6G absorption at this wave-
length and this lead to higher enhancement of the Raman
signal. Conversely, in the absence of R6G coverage on the
nano-array surface the excitation at 514 nm, i.e., in the blue
wing of the plasmonic band is more efficient than in the red
one (785 nm) thus showing higher enhancement.
Comparison of the calculated intensity distributions of
Fig. 5 and the Raman data in Fig. 6 confirm that under given
excitation the coincidence of the near-field resonant en-
hancement with the surface enhancement observed in the
far field via Raman spectra is sensitive to the relative surface
coverage by the Au NPs. This effect can be tuned by the
nano-array properties and also a threshold value can be
engineered for different excitations. The resulting switching
concept requires, however, further investigation.
Conclusion
Optical properties of the rare- and close-packed gold nano-
arrays produced by the UV laser annealing of thin films
were investigated by means of the SEM microscopic obser-
vation, measurements of the absorption and Raman spectra,
and by numerical modeling of the near-field intensity dis-
tributions. It has been shown that nearly homogeneous
particle distributions can be prepared by careful selection
of the initial film thickness and annealing conditions. The
partially spherical shape of the particles contributed to
broadening of the absorption band, became irregular for
densely packed arrays and provided marked difference in
the optical response between the rare- and close-packed
structures. The absorption spectra revealed broad, structured
resonances of intensities strongly dependent on the NP
packing density and distribution. It was the result of the
inevitable randomness in the structures in which all particles
Fig. 6 Raman spectra (a, b, d) of R6G deposited on semi-regular
arrays of Au NPs shown in Fig. 1a, b and d, respectively, and on glass
(r); excitation at 785 nm; insets show spectral regions of surface
enhanced signal
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differ slightly in the resonance energies due to different
interaction with the neighboring ones. This was also con-
firmed by the calculated field distributions which revealed
“hot spots” for dense structures while individual dipolar
resonances dominated in arrays with large inter-particle dis-
tances. Comparison of experiment with data calculated from
two different models confirmed that description of optical
properties of semi-regular arrays of partially spherical NPs
can be provided by modification to the known, size-
dependent correction of the dielectric function. This was
found possible by simplified approach using relatively large
values of the refractive index (n>3.5) and mean free path
limits and indicated on the need of further systematic study.
The broadband resonances of lifetime reduced to ∼3 fs and
position selected by the array preparation indicated on ca-
pacity in nonlinear applications such as spectral tuning of
light harvesting devices [32], ultra-sensitive detection
(SERS), and all optical switching. Finally, it was shown that
semi-regular Au NP arrays produced by laser annealing of
thin films are advisable because of controllable and cost-
effective preparation and also structural and chemical sta-
bility which is of crucial importance for the industrial scale
plasmonic technologies.
Acknowledgments Authors appreciate funding by the Strategic Pro-
gram “Advanced Technologies for Energy Generation” via project SD/
E/4/65786/10 of the NCBiR–National Centre for Research and Devel-
opment of Poland and DO 02/293 project from Bulgarian Science
Fund, and Polish–Bulgarian Academies of Sciences Bilateral coopera-
tion. The technical assistance of Mr. A. Sobczyk and Dr. R. Signerski
in obtaining the SEM images and absorption spectra is gratefully
acknowledged.
Open Access This article is distributed under the terms of the Creative
Commons Attribution License which permits any use, distribution, and
reproduction in any medium, provided the original author(s) and the
source are credited.
References
1. Kreibig U, Vollmer M (1995) Optical properties of metal clusters.
Springer, Berlin
2. Alvarez MM, Khoury JT, Schaaff TG et al (1997) Optical absorp-
tion spectra of nanocrystal gold molecules. J Phys Chem B
101:3706–3712
3. Yao J, Le AP, Gray SK, Moore JS, Rogers JA, Nuzzo RG (2010)
Functional nanostructured plasmonic materials. Adv Mater
22:1102–1110
4. Ung T, Liz-Marzan LM, Mulvaney P (2002) Gold nanoparticle
thin films. Colloids Surf A 202:119–126
5. Garcia MA, de la Venta J, Crespo P et al (2005) Surface plasmon
resonance of capped Au nanoparticles. Phys Rev B 72:241403R
6. Jian Z, Yongchang W (2003) Surface plasmon resonance enhanced
scattering of Au colloidal nanoparticles. Plasma Sci Technol 5
(3):1835–1839
7. Gupta G, Tanaka D, Ito Y, Shibata D, Shimojo M et al (2009)
Absorption spectroscopy of gold nanoisland films: optical and
structural characterization. Nanotechnol 20:025703
8. Sanchez DB, Hubenthal F, Trager F (2007) Shaping nanoparticles
with laser light: a multi-step approach to produce nanoparticle
ensembles with narrow shape and size distributions. J Phys Conf
Ser 59:240–244
9. Rechberger W, Hohenau A, Leitner A et al (2003) Optical properties
of two interacting gold nanoparticles. Opt Commun 220:137–141
10. Henley SJ, Carey JD, Silva SR (2007) Metal nanoparticle produc-
tion by pulsed laser nanostructuring of thin metal films. Appl Surf
Sci 253:8080
11. Nedyalkov NN, Sakai T, Miyanishi T, Obara M (2006) Near field
properties in the vicinity of gold nanoparticles placed on various
substrates for precise nanostructuring. J Phys D 39:5037
12. Cheng Y, Uang R, Wang Y, Chiou K, Lee T (2009) Laser anneal-
ing of gold nanoparticles thin film using phototermal effect.
Microelectron Eng 86:865–867
13. Grochowska K, Nedyalkov NN, Atanasov PA, Śliwiński G (2011)
Nanostructuring of thin Au films by means of short UV laser
pulses. Opto-Electron Rev 19(3):327–332
14. Imamova SE, Dikovska A, NedyalkovNN, Atanasov PA et al (2010)
Laser nanostructuring of thin Au films for application in surface
enhanced Raman spectroscopy. J Optoel Adv Mat 12:500–504
15. Nedyalkov NN, Imamova SE, Atanasov PA, Obara M (2009) Near
field localization mediated by a single gold nanoparticle embedded
in transparent matrix: Application for surface modification. Appl
Surf Sci 255:5125–5129
16. Grochowska K, Śliwiński G (2012) Quality investigation of Au nano-
arrays for biosensing application. Solid State Phenom 183:81–88
17. Sonnichsen C, Franzl CT, Wilk T et al (2002) Drastic reduction of
plasmon damping in gold nanorods. Phys Rev Lett 88(7):077402
18. Mustafa DE, Yang T, Xuan Z et al (2010) Surface plasmon coupling
effect of gold nanoparticles with different shape and size on conven-
tional surface plasmon resonance signal. Plasmonics 5:221–231
19. Auguie B, Barnes WL (2008) Collective resonances in gold nano-
particle arrays. Phys Rev Lett 101:143902
20. Nishijama Y, Rosa L, Juodkazis S (2012) Surface plazmon reso-
nances in periodic and random patterns of gold nano-disks for
broadband light harvesting. Opt Express 20(10):114661477
21. Berkovitch N, Ginzburg P, Orenstein M (2012) Nano-plasmonic
antennas in the near infrared regime. J Phys Condens Matter
24:073202
22. KhunsinW, Brian B, Dorfmuller J et al (2011) Long-distance indirect
excitation of nanoplasmonic resonances. Nano Lett 11:2765–2769
23. Lamprecht B, Schider G, Lechner RT et al (2000) Metal nano-
particle gratings: Influence of dipolar particle interaction on the
plasmon resonance. Phys Rev Lett 84:4721–4724
24. Moroz A (2009) Localized resonances of composite particles. J
Phys Chem C 113(52):21604–21610
25. Hovel H, Fritz S, Hilger A, Kreibig U, Vollmer M (1993) Width of
cluster plasmon resonances: bulk dielectric functional and chemi-
cal interface damping. Phys Rev B 48:18178–18188
26. Drude P (1900) Zur Elektronentheorie der metalle. Ann Phys 306
(3):566
27. Alvarez MM, Khoury JI, Schaaff TG, Shafigullin MN, Vezmar I,
Whetten RL (1997) Optical absorption spectra of nanocrystal gold
molecules. J Phys Chem B 101:3706–3712
28. Theye ML (1970) Investigation of the optical properties of Au by
means of thin semitransparent films. Phys Rev B 2:3060–3078
29. Vosburgh J, Doremus RH (2004) Optical absorption spectra of
gold nano-clusters in potassium borosilicate glass. J Non-Cryst
Sol 349:309–314
30. Dahmen C, Schmidt B, von Plessen G (2007) Radiation damping
in metal nanoparticle pairs. Nano Lett 7(2):318–322
31. Vasilev K (2004) Fluorophores near metal interfaces. Dissertation,
Martin Luther University Halle-Wittenberg
32. Mackowski S (2010) Hybrid nanostructures for efficient light
harvesting. J Phys Condens Matter 22:193102
Plasmonics (2013) 8:105–113 113
